ABSTRACT Experiments were conducted to evaluate the effects of phase feeding (PF) on broilers subjected to heat stress during the grower and finisher periods. Birds were fed diets containing lysine, sulfur amino acid (SAA), or threonine levels based on NRC (1994) recommendations or predictions from linear regression equations (PF). With PF, diets were switched every other day, resulting in steadily decreasing lysine, SAA, and threonine levels. In Experiment 1 (42 to 56 d), growth performance was unaffected (P > 0.05) by diet, and cost per kilogram of weight gain did not differ (P > 0.05) between treatments. In Experiments 2 (23 to 42 d) and 3 (42 to 63 d) birds were housed in environmental chambers and subjected to high (15 h at 35 C, 9 h at 23.9 C) or normal (23.9 C)
INTRODUCTION
In today's ever-evolving poultry industry, practices in management and commercial feeding programs are among the focal points for poultry nutritionists. Due to the competitiveness of the poultry industry, finding the most economic means of production is very important, and small improvements in existing production practices could lead to substantial savings when multiplied by the large volume produced by poultry companies. Straight-run production systems are commonly used and include grow-out periods of as little as 4 wk, but in some instances males broilers are grown separately for over 8 wk in an attempt to maximize breast meat production. In contrast to variable production systems, nutrient recommendations have remained relatively static. The NRC (1994) provides a single set of recommendations that includes males and females, with dietary amino acid (AA) requirements segregated into three fixed periods: starter, 0 to 3 wk of age; grower, 3 To whom correspondence should be addressed: jemmert@uark.edu.
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temperatures. In both experiments, heat stress reduced (P < 0.05) growth performance and increased (P < 0.05) percentage leg yield. Moreover, heat stress decreased percentage breast yield (P < 0.05) in Experiment 2. Growth performance and carcass yield were unaffected (P > 0.05) by PF relative to birds fed NRC-based diets, with the exception of feed efficiency, which was reduced (P < 0.05) by PF under normal temperatures in Experiment 2. Data indicated that dietary lysine, SAA, and threonine levels may be reduced every other day under a PF program without adversely affecting growth performance or carcass yield of birds exposed to high environmental temperatures. Cost analysis indicated that savings might be available with PF under high temperature conditions. to 6 wk of age; and finisher, 6 to 8 wk of age. These broad periods defined by the NRC (1994) do not correspond with the grow-out periods typically used in production practices and, thus, are difficult to apply to commercial poultry nutrition programs.
To meet the needs of diversified production systems, a flexible set of AA requirements was developed by Emmert and Baker (1997) . Illinois Ideal Chick Protein (Baker and Han, 1994; Baker, 1997) and NRC (1994) recommendations were used to develop regression equations for use in a phase feeding (PF) system for broilers. In such a feeding program, predictions for any specified period may be derived, even beyond 8 wk of age. Previous research has established that AA levels may be decreased weekly or even every other day with a PF program without negatively affecting growth performance or carcass yield (Warren and Emmert, 2000; Pope and Emmert, 2001; Pope and Emmert, unpublished data) .
In addition, PF could offer a means of limiting excess dietary AA, which could be advantageous for broilers exposed to high environmental temperatures. Although researchers agree that growth performance is reduced in broiler chickens subjected to high ambient temperatures Abbreviation Key: AA = amino acids; HN = high-nutrient; LN = low-nutrient; PF = phase feeding; SAA = sulfur amino acids; SBM = soybean meal. NRC diets contained lysine, sulfur amino acid, and threonine levels recommended by NRC (1994). Phase-feeding (PF) high-nutrient (HN) diets were formulated to contain lysine, sulfur amino acid, and threonine levels predicted by linear regression equations (Table 2) for 23-d-old (Experiment 2) or 42-d-old (Experiments 1 and 3) broilers. Experimental diets were produced by blending HN and low-nutrient (LN) diets in variable quantities.
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PFLN diets were formulated to contain lysine, sulfur amino acid, and threonine levels predicted by linear regression equations (Table 2) Han and Baker (1993) . (Charles, 1986; Howlider and Rose, 1987; Geraert et al., 1996) , disagreement exists with regard to feeding practices under heat stress conditions. Some researchers have recommended elevating dietary protein during heat stress, in an attempt to counterbalance reduced growth and feed intake that frequently accompany hot weather (Temim et al., 1999 (Temim et al., , 2000 . However, other studies have reported that increasing protein or AA levels at high environmental temperatures cannot successfully overcome the reduction in performance, and in some instances are even detrimental (Waldroup et al., 1976; Waldroup, 1982) . Thus our objective was to evaluate the effects of decreasing dietary AA levels (PF) on growth performance of heat-stressed broilers during the grower and finisher periods.
MATERIALS AND METHODS
All procedures were approved by the University of Arkansas Institutional Animal Care and Use Committee. Three experiments were conducted with male broiler chicks of a commercial strain (Cobb × Cobb 3 ) that were purchased from a local hatchery. Housing facilities for day-old chicks consisted of floor pens containing new pine shavings, and a constant 24-h lighting period was used. Water and experimental diets were freely available.
In Experiments 1, 2, and 3, dietary treatments (Table  1) NRC (1994) recommendations for lysine, sulfur AA (SAA), and threonine or 2) a series of diets (PF), formulated to contain lysine, SAA, and threonine levels predicted by linear regression equations (Emmert and Baker, 1997) with dietary AA concentration lowered every other day. For Treatment 2, when feed was switched every other day, feeders were removed and weighed to determine feed intake. At the end of each experiment, chicks and feed were weighed for determination of weight gain, feed intake, and feed efficiency.
Regression equations from Emmert and Baker (1997) were modified to reflect male requirements and were used to predict every-other-day PF requirements for male broilers in all experiments (Treatment 2) as follows: digestible lysine, y = 1.22 -0.0095x; digestible methionine and cystine, y = (0.088 -0.0063x)/2; and digestible threonine, y = 0.08 -0.0053x, where y = digestible AA level, and x = midpoint (day) of the desired age range. Digestible AA requirements used to derive the equations have been described previously (Emmert and Baker, 1997; Warren and Emmert, 2000) .
For Experiments 1 (42 to 56 d), 2 (23 to 42 d) and 3 (42 to 63 d), corn and soybean meal (SBM) were supplemented such that the digestible threonine requirement was achieved for PF diets; appropriate amounts of crystalline lysine and methionine were supplemented as needed to meet their requirements. However, because the NRC (1994) threonine requirement is high in proportion to the SAA and lysine requirements, corn and SBM were added in sufficient quantities to meet the NRC (1994) lysine requirement in Treatment 1, and crystalline methionine and threonine were supplemented to meet Digestible amino acid, CP, and dietary ME content was calculated from the analytical values for total lysine, sulfur amino acids, and threonine in corn and soybean meal and published digestibility coefficients (Parsons, 1991 ; see Materials and Methods). Metabolizable energy values for corn, soybean meal, and poultry fat were assumed to be 3,350, 2,440, and 8,800 kcal ME n /kg, respectively. Although the NRC (1994) provides total dietary amino acid recommendations, digestible amino acid levels were calculated after formulation of diets to meet total NRC (1994) recommendations for dietary lysine, sulfur amino acids, and threonine. Phase-feeding high-nutrient (HN) diets were formulated to contain lysine, sulfur amino acid, and threonine levels predicted by linear regression equations for 23-to 25-d-old (Experiment 2) or 42-to 44-d-old (Experiments 1 and 3) broilers. Experimental diets were produced by blending HN and low-nutrient (LN) diets in variable quantities.
5
Phase-feeding LN diets were formulated to contain lysine, sulfur amino acid, and threonine levels predicted by linear regression equations for 41 to 43-d-old (Experiment 2), 68-to 70-d-old (Experiment 1), or 62-to 64-dold (Experiment 3) broilers. Experimental diets were produced by blending HN and LN diets in variable quantities.
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The phase-feeding low-nutrient (LN) diet for Experiment 1 was originally formulated to be fed to chicks from 68 to 70 days of age, but the experiment was terminated at 56 d due to high levels of heat-related mortality.
their requirements (Tables 1 and 2 ). After formulating the NRC (1994) diet to meet its total dietary AA recommendations, the digestible lysine, SAA, and threonine contents were calculated by applying digestibility coefficients for corn and SBM. Corn was analyzed (as fed) to contain 8.36% CP, 0.27% total lysine, 0.19% total methionine, 0.19% total cystine, and 0.28% total threonine. Digestibility of lysine, methionine, cystine, and threonine in corn was assumed to be 78, 91, 86, and 84% respectively (Parsons, 1991) . Soybean meal was analyzed (as fed) to contain 50.6% CP, 3.05% total lysine, 0.71% total methionine, 0.77% total cystine, and 1.92% total threonine. Digestibility of lysine, methionine, cystine, and threonine in SBM was assumed to be 90, 92, 83, and 89%, respectively (Parsons, 1991) . Metabolizable energy contents of corn, SBM, and poultry fat were assumed to be 3,350, 2,440, and 8,800 ME n /kg respectively (NRC, 1994).
Experiment 1
Experiment 1 was conducted to evaluate the efficacy of PF in supporting growth performance during the finisher period (42 to 70 d) compared to birds fed diets based on NRC (1994) recommendations. However, throughout the experiment environmental temperatures frequently exceeded 35 C during the day. Due to high mortality on Day 68 of the trial (exceeding 50%), only data through Day 56 were available. Treatment 1 consisted of a single NRC diet fed from 42 to 56 d (Tables  1 and 2 ). In Treatment 2, an initial high-nutrient diet (HN ; Tables 1 and 2 ) was formulated to contain predicted lysine, SAA, and threonine requirements for broilers from 42 to 44 d of age. A low-nutrient diet (LN; Tables 1 and 2) was also prepared for Treatment 2 and was formulated to contain predicted lysine, SAA, and threonine requirements for broilers from 68 to 70 d of age. Twelve intermittent diets (44 to 46, 46 to 48 d, etc.) for Treatment 2 were prepared by blending the HN and LN diets (Tables 1 and 2 ) in variable quantities, with the percentage of HN decreasing by 7.69% for each subsequent period.
Before the experimental period, chicks were fed a common starter diet from 0 to 21 d and a common grower diet from 21 to 42 d with both diets formulated to meet or exceed all NRC (1994) recommendations. Ten pens of 15 male broilers were randomly assigned to each of the two treatments. Processing data were unavailable due to a high level of heat-related mortalities that occurred on Day 56, at which time the assay was terminated.
Experiments 2 and 3
Experiments 2 and 3 were conducted during the grower and finisher phases (23 to 42 d and 42 to 63 d, respectively) to evaluate the efficacy of PF in supporting growth and carcass composition of broilers exposed to high environmental temperatures. Chicks were housed in six environmentally controlled chambers; each chamber was divided into two pens containing 20 broilers, with each pen receiving NRC or PF diets. Environmental chambers were segregated into three replications of heat stress (35 C for 15 h; 23.9 C for 9 h) and three replications of normal temperature conditions (constant 23.9 C) in a manner similar to that of Dale and Fuller (1980) . Before the experimental periods, chicks were fed common starter (Experiments 2 and 3) and grower (Experiment 3) diets that were formulated to meet or exceed all essential nutrient recommendations of the NRC (1994).
For Experiment 2, Treatment 1 consisted of a single NRC diet fed from 23 to 42 d (Tables 1 and 2 ). In Treatment 2, an initial HN diet (Tables 1 and 2 ) diet was formulated to contain predicted lysine, SAA, and threonine requirements for broilers from 23 to 25 d of age. An LN diet (Tables 1 and 2 ) was also prepared for Treatment 2 and was formulated to contain predicted lysine, SAA, and threonine requirements for broilers from 41 to 43 d of age (although the experiment ended on d 42). Eight intermittent diets (25 to 27, 27 to 29 d, etc.) for Treatment 2 were prepared by blending the HN and LN diets (Tables 1 and 2 ) in variable quantities, with the percentage of HN decreasing by 11.11% for each subsequent period.
For Experiment 3, Treatment 1 consisted of a single NRC diet fed from 42 to 63 d (Tables 1 and 2 ). In Treatment 2, an initial HN diet (Tables 1 and 2 ) was formulated to contain predicted lysine, SAA, and threonine requirements for broilers from 42 to 44 d of age. An LN diet (Tables 1 and 2 ) was also prepared for Treatment 2, and was formulated to contain predicted lysine, SAA, and threonine requirements for broilers from 62 to 64 d of age (although the experiment ended on Day 63). Nine intermittent diets (44 to 46, 46 to 48 d, etc.) for Treatment 2 were prepared by blending the HN and LN diets (Tables 1 and 2) in variable quantities, with the percentage of HN decreasing by 10% for each subsequent period.
Feeders were removed 10 h before processing on Day 42 (Experiment 2) or Day 63 (Experiment 3). After being weighed, five birds per pen were randomly selected for processing at the University of Arkansas processing plant. Part weights were recorded for wings, legs (drum and thigh), breast, and abdominal fat, and part yields were calculated as a percentage of eviscerated weight.
Statistical Analysis
Each experiment was analyzed as a completely randomized design, and the general linear models (GLM) procedure of SAS software (SAS Institute, 1998) was used to conduct ANOVA on all data. When a significant main effect was detected, differences among treatment means were established using the least significant difference multiple comparison procedure (Carmer and Walker, 1985) . Emmert and Baker (1997) suggested that dietary AA levels could be decreased gradually (weekly or daily) in accordance with a bird's lysine, SAA, and threonine requirements without compromising growth performance or carcass yield and while potentially reducing dietary costs. Previous work has indicated that broiler chickens may be switched to a less nutrient dense grower diet earlier than the recommended 3 wk of age without affecting growth performance or carcass yield at 6 wk of age (Watkins et al. 1993; Saleh et al., 1995 Saleh et al., , 1996a . To further evaluate feeding a low-CP diet and its effects upon broiler performance, PF has been researched extensively throughout the starter, grower, and finisher phases (Warren and Emmert, 2000; Pope and Emmert, 2001; Pope and Emmert, unpublished data) . In every circumstance, PF has supported adequate growth performance and carcass yield while providing substantial economic savings ($/kg gain or kg breast meat) in comparison to that of birds fed diets based on NRC (1994) recommendations.
RESULTS AND DISCUSSION
Experiment 1 (42 to 56 d) was conducted under natural conditions with environmental temperatures frequently exceeding 35 C during the day. This trial was intended to extend to Day 70, but due to a high level of heatrelated mortalities that occurred on Day 68 only data through Day 56 were available. No differences (P > 0.05) were observed in growth performance (Table 3) , but broilers fed PF-based diets showed slight numerical reductions in production cost ($/kg weight gain; Table  4 ), leading us to hypothesize that PF may be a more economical means of producing broilers under high environmental temperatures.
Experiments 2 and 3 were conducted during the grower and finisher phases (23 to 42 d and 42 to 63 d, respectively) to evaluate the efficacy of PF in supporting growth performance and carcass composition of broilers when subjected to high (35 C for 15 h) or normal (23.9 C for 9 h) environmental temperatures. Although the majority of nutrition papers that have evaluated heat stress in poultry have been explored at constant high temperatures (Cahaner et al., 1995 Means within a row lacking a common superscript differ (P < 0.05).
1 Levels of amino acids in phase feeding (PF) diets were predicted by linear regression equations (Table 2 ).
2
Environmental temperature was maintained at 23.9 C.
3
Although Experiment 1 was not conducted under controlled heat stress conditions, temperatures were elevated throughout the experiment. Environmental temperature was cycled for 15 h at 35 C and 9 h at 23.9 C in Experiments 2 and 3. 4 NRC diets contained lysine, sulfur amino acid, and threonine levels recommended by NRC (1994).
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Feed cost per bird was determined by multiplying the amount of feed consumed (Table 5 ) by the dietary cost, which was calculated based on values of $0.1036/kg for corn, $0.1631/kg for soybean meal, $1.1023/kg for L-lysineؒHCl, $2.4251/kg for DL-methionine, and $3.5053/kg for L-threonine.
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Calculated by dividing the feed cost per bird by the weight gain per bird (Table 5) for the particular period ending on Day 56, 42, or 63 for Experiments 1, 2, and 3, respectively.
7
Calculated by dividing the feed cost per bird by the amount of breast yield per carcass, as determined by multiplying the breast yield (Table 5 ) by the average carcass weight.
suggested that constant high temperatures could impose such severe heat stress that it could completely override any beneficial effect of reduced heat increment in the diet. Cyclic exposure to high environmental temperatures was used in Experiments 2 and 3 to simulate the natural daynight fluctuation.
In Experiments 2 and 3, weight gain and feed intake were reduced (P < 0.05) by high environmental temperatures, regardless of diet (Table 5 ). Feed efficiency of birds fed the NRC and PF diets was also reduced (P < 0.05) by heat stress in Experiments 2 and 3, with one exception; feed efficiency of birds fed the PF regiment was essentially unchanged by heat stress in Experiment 2. The main effect of diet was insignificant (P > 0.05), but significant (P < 0.05) interactions were observed for feed intake and feed efficiency in Experiment 2. Under normal temperatures feed intake levels were numerically elevated by PF resulting in reduced (P < 0.05) feed efficiency, which was not the case when PF birds were subjected to heat stress. Digestible lysine, SAA, and threonine intake were reduced (P < 0.05) by high environmental temperatures, regardless of diet (Table 5) , in Experiments 2 and 3. The main effect of diet on digestible AA intake diet was insignificant (P > 0.05) with the exception of threonine, which was reduced (P < 0.05) by PF in broilers exposed to heat stress in Experiment 2.
In Experiment 2, high temperatures reduced (P < 0.05) breast yield and increased (P < 0.05) percentage leg yield (Table 6 ). Within temperature, PF decreased (P < 0.05) percentage abdominal fat without adversely affecting percentage breast, wing, or leg yield. In Experiment 3, PF resulted in carcass composition that was similar to NRC fed birds for both temperatures, with the exception of reduced (P < 0.05) leg yield that occurred under normal temperatures as a result of PF (Table 6) .
Reduction in broiler growth performance due to high ambient temperatures has been well documented, especially at later growth periods (Cahaner and Leenstra, 1992; Baziz et al., 1996; Geraert et al., 1996; Cooper and Washburn, 1998) . Many nutritional approaches have been used in attempts to overcome depressed growth and feed intake that commonly occurs during heat stress, but results have been inconsistent. Some researchers have recommended the use of high dietary protein (Cahaner et al., 1995; Temim et al., 1999; Temim et al., 2000) to address the reduced protein intake that accompanies decreased feed intake under heat stress conditions. Other researchers have suggested that increasing dietary protein (and thereby dietary net energy) may not be beneficial under heat stress conditions, and such adjustments may even be detrimental (Waldroup et al., 1976; Waldroup, 1982) . Evidence also suggests that the suppressed growth performance observed in heat exposed birds is not solely due to reduced feed consumption, because the reduction in growth is greater than the reduction in feed intake, resulting in a depressed feed efficiency (Dale and Fuller, 1980; Geraert et al., 1996; Temim et al., 1999 Temim et al., , 2000 .
We observed very slight numerical improvements in weight gain and feed efficiency in heat-exposed birds during Experiment 3, possibly supporting the suggestion that reduced protein levels may be beneficial (Waldroup et al., 1976; Waldroup, 1982) . However, it should be noted that Means within a row lacking a common superscript differ (P < 0.05).
1 Levels of amino acids in phase-feeding (PF) diets were predicted by linear regression equations (Table 2) . Environmental temperature was cycled for 15 h at 35 C and 9 h at 23.9 C.
5
NRC diets contained lysine, sulfur amino acid, and threonine levels recommended by NRC (1994). 6 Sulfur amino acids. our PF approach, in which dietary CP levels are reduced gradually, differs from most low-CP research in which a single, AA-supplemented diet is fed over the entire experimental period. The similar CP intake between PF-and NRC-fed birds in Experiments 2 and 3 suggest that our Means within a row lacking a common superscript differ (P < 0.05).
1 Levels of amino acids in phase-feeding (PF) diets were predicted by linear regression equations (Table 2) .
2
Five birds from three replicate pens per treatment were processed on Day 42 or 63.
3
4
Environmental temperature was cycled for 15 h at 35 C and 9 h at 23.9 C.
5
NRC diets contained lysine, sulfur amino acid, and threonine levels recommended by NRC (1994).
6
Live weights for birds fed NRC and PF diets and processed on Day 42 were 2.2 and 2.24 kg, respectively, for birds fed under normal temperatures, and 1.87 and 1.85 kg, respectively, for birds fed under hot temperatures.
7
Live weights for birds fed NRC and PF diets and processed on Day 63 were 3.61 and 3.84 kg, respectively, for birds fed under normal temperatures, and 2.95 and 3.14 kg, respectively, for birds fed under hot temperatures.
PF approach may not be taking full advantage of potential beneficial effects associated with feeding low-CP diets to broilers exposed to high environmental temperatures.
Regardless of whether increased dietary protein or AA enhance the growth of birds exposed to high environmen-tal temperatures, it seems that the negative effects of heat stress cannot be completely overcome by increased dietary AA (Alleman and Leclerq, 1997) . Moreover, it is questionable whether the increased expense associated with feeding higher levels of protein (or AA) would be offset by slight improvements in performance. A dietary cost comparison based on AA containing ingredients was evaluated for Experiments 2 and 3 (Table 4) . With the exception of birds fed NRC-based diets in Experiment 2, the value of feed consumed ($) was significantly reduced (P < 0.05) for birds exposed to high environmental temperatures. Under normal temperature conditions, no differences (P > 0.05) in cost ($ per kg weight gain or breast meat) were noted between Treatments 1 and 2. This finding is in contrast to previous research in which numerical or statistically significant reductions in cost were noted during the grower and finisher periods when broilers were fed a PF regimen (Warren and Emmert, 2000; Pope and Emmert, 2001; Pope and Emmert, unpublished data) . However, in birds exposed to cycling high environmental temperatures, cost per kilogram of weight gain was numerically reduced by PF, and cost per kilogram of breast meat was reduced significantly (P < 0.05) from 23 to 42 d, in Experiment 2.
Statistically, significant differences in cost due to PF may be difficult to detect because of limitations in bird and replicate numbers. Although in most cases not significant, numerical reductions in cost per kilogram of weight gain or breast yield observed for PF-fed birds exposed to high environmental temperatures in Experiments 2 and 3 may be relevant because similar data have been reported in previous experiments (Warren and Emmert, 2000; Pope and Emmert, 2001; Pope and Emmert, unpublished data) . Subtraction of costs associated with PF-fed birds from those of NRC-fed birds in Experiments 2 and 3 lead to savings estimates of $0.02 and $0.04/kg weight gain, respectively, and $0.07 and $0.028/kg breast meat, respectively. Although estimated savings may appear slight when expressed per kilogram, application of these values to the millions of broilers produced weekly suggests that the potential for savings with PF is substantial.
In summary, PF supported equivalent growth performance to birds fed an NRC regimen throughout the grower and finisher phases and appeared to be a more economical means of feeding broilers exposed to high environmental temperatures. Because of inconsistencies between the present and previous experiments with regard to cost savings ($/kg weight gain or breast meat) estimates for birds reared under normal environmental temperatures, the efficacy of PF in reducing costs during the grower and finisher periods should be further examined. Moreover, the interactions of PF with factors such as dietary energy, bird density, and nitrogen excretion should be evaluated.
